The anthrax toxin protective antigen precursor is activated by proteolytic cleavage by furin or a furin-like protease. We present here data demonstrating that the small stable furin inhibitor hexa-D-arginine amide delays anthrax toxin-induced toxemia both in cells and in live animals, suggesting that furin inhibition may represent a reasonable avenue for therapeutic intervention in anthrax.
Anthrax toxin consists of three polypeptides, the protective antigen (PA), lethal factor (LF), and edema factor (EF) (reviewed in references 1, 2, 3, and 13). The PA is secreted by the anthrax bacterium as a precursor molecule which must be proteolytically activated by furin (8, 11, 18, 26) and/or furinlike proteases, such as PACE4 (9) . Cleavage occurs at a surface loop and releases PA 20 , the N-terminal fragment of PA. Loss of this N-terminal fragment results in self-association of PA 63 , the C-terminal fragment of PA, forming membrane-inserting heptamers capable of binding LF and/or EF (20) . These complexes are taken up into cells and enter the lumen of the acidic endosomal compartment, from which LF emerges to initiate enzymatic reactions that ultimately result in cell death (1, 12, 15) .
Through the use of combinatorial chemistry techniques, workers in our laboratory have developed the compound hexa-D-arginine (D6R) as a potential therapeutically useful furin inhibitor (4) . Studies that used Pseudomonas aeruginosa exotoxin A (PEA), a bacterial toxin which also requires furin processing, have shown that D6R effectively blocks PEA-induced cell death in vitro and in vivo (21) . In this study, we have tested the efficacy of D6R against anthrax exotoxins (PA plus LF) in cells and in two animal models.
D6R inhibits the cytotoxicity of anthrax toxin in a murine alveolar macrophage cell line. To evaluate the ability of D6R to protect the murine alveolar macrophage cell line RAW 264.7 (ATCC TIB-71) from anthrax toxin-induced cytotoxicity, we first established the dose of toxin representing the 50% effective concentration (EC 50 ) (Fig. 1A) , and we then treated cells with different concentrations of D6R in combination with this dose. A concentration of 25 ng of PA per ml in the presence of 12 ng of LF per ml was required for lysis of half of the murine alveolar macrophages after 3 h of incubation with toxins (at EC 50 ). The inclusion of 1 M D6R protected 16% of the cells from death at 6 h, while 100 M D6R increased this survival rate to 36% compared with that of cells treated with anthrax toxin alone (0% survival rate) and with that of the untreated control group (100% survival rate, P Ͻ 0.0001) (Fig.  1B) . To determine whether multiple administration of D6R would exhibit improved protective effects against anthrax toxin-induced cytotoxicity, we treated cells with D6R prior to administration of toxin and also tested multiple applications of D6R (10 M) every hour after application of toxin, but no improved efficacy was detected (data not shown).
To confirm the protective effect of D6R on the cleavage of PA 83 , we analyzed RAW 264.7 cell cleavage of PA labeled with 125 I-Bolton-Hunter reagent in the presence and absence of D6R ( Fig. 2A) . These data support the idea that the concentrations of D6R required to block the cleavage of PA are similar to those required to inhibit toxicity. This experiment was repeated twice with similar results; the data shown are those from a representative experiment.
D6R inhibits anthrax toxemia in vivo. Fisher 344 rats were used to evaluate the ability of D6R to protect animals from the lethal effects of anthrax toxin. The experiment was performed according to a standard protocol for this experiment (6, 17, 19) in which rats are challenged with 10 times the minimum lethal dose of PA and LF (40 and 8 g/rat, respectively) with or without inhibitors in a double-blind fashion. D6R was injected intravenously immediately after the administration of toxin, and the survival rate was monitored for 24 h. During this time, animals were under observation for signs of impending morbidity, such as intensive, extremely labored breathing and prostration. Animals were sacrificed by CO 2 inhalation when judged moribund per these criteria, and survival rates were recorded at specific intervals. This standard humane protocol has been used in similar anthrax studies (6) .
Rats treated with the combination of anthrax toxins and D6R exhibited a 40% survival rate at 5 h compared with a control group treated solely with anthrax toxin (0% survival rate). Surviving animals exhibited no symptoms of toxemia or additional deaths during the 2 weeks following the experiment. Administration of D6R also resulted in a considerable delay in the onset of anthrax toxemia compared with results of the control group treated solely with anthrax toxin (Fig. 3A) .
The second animal model used to evaluate the protective effect of D6R against anthrax toxin consisted of groups of FVB mice treated with 10 g of PA and 0.5 g of FP59 (by intraperitoneal injection) per mouse. FP59 is a fusion protein which consists of the PA-binding portion of LF (residues 1 to 254) coupled to the cytotoxic effector PEA (domain III) (8) . All mice treated solely with this toxin exhibited the first signs of severe toxemia approximately 6 h after injection. Twenty-four hours after administration of toxins, no animals survived in this group. However, 50% of the group treated with PA-FP59 toxin in combination with D6R (100 g/mouse, also given intraperitoneally) were still alive 24 h later, indicating significant protection by this agent compared to that of the group of mice treated with anthrax toxin alone (for which the survival rate was 0% [P Ͻ 0.0001]) (Fig. 3B) . No further deaths occurred in this group over the next 2 weeks.
The same protocol was used to investigate toxicity in the 129/Sv mouse strain. Twenty-four hours after toxin administration, the group treated with PA-FP59 toxin and D6R exhibited a 30% survival rate compared with 0% survival in the control group injected solely with toxins (data not shown). The FVB strain thus exhibits somewhat better resistance to anthrax toxin than does the 129/Sv strain; strain differences in response to anthrax have been previously demonstrated (25) . 6 cpm/g. This method of iodination has no effect on the biological activity of PA (22) . Binding experiments were performed at 37°C. Confluent wells of RAW 264.7 cells were treated for 25 min with 0.1 g of I 125 -labeled PA (4.6 ϫ 10 5 cpm) in the presence of increasing concentrations of D6R (0, 0.1, 1, 10, and 100 M) in RPMI medium supplemented with 10% serum. Cell extracts were washed four times with RPMI medium supplemented with 10% serum and boiled for 5 min in 200 l of Laemmli sample buffer prior to electrophoresis of 25-l aliquots on a sodium dodecyl sulfate-10% acrylamide gel. The dried gel was exposed to a phosphorimage screen for 12 h and analyzed with a Typhoon 9410 variable-mode imager and ImageQuant Software (Amersham Pharmacia Biotech). Quantitation of the optical density of each band (B) and the ratio of processed PA 63 to unprocessed PA 83 (C) are shown. The experiment was repeated twice with similar results; the data shown are those from a representative experiment.
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on September 22, 2017 by guest http://iai.asm.org/ toxemia (5, 7, 14, 16, 17, 19, 23, 24) . The therapeutic target in most of these cases is PA; however, downstream targets EF and LF may also be useful. We have previously shown that polyarginines, and in particular D6R, represent potent inhibitors of mouse furin (4) and can be used to block Pseudomonas exotoxin A toxicity in cells and in mice (21) . In the study presented here, we have demonstrated the efficacy of this inhibitor against anthrax toxins.
In conclusion, the data presented in this paper suggest that D6R represents a reasonable lead compound for the further development of small-molecule furin inhibitors capable of inhibiting or preventing furin-related pathophysiological processes in vivo. The recent crystallization of mouse furin (10) provides a promising new template upon which to model and improve upon D6R-related compounds.
FIG. 3. D6R inhibits anthrax toxemia in Fisher 344 rats. (A) Twenty
Fisher 344 male rats (weight, 250 to 300 g) were anesthetized by intraperitoneal injection of ketamine-xylazine and injected intravenously with a mixture of 40 g of PA and 8 g of LF per rat (which represents 10 times the minimal lethal dose) in a total volume of 200 l of phosphatebuffered saline. With this dose of toxin, animals become moribund after approximately 90 to 120 min. D6R (1 mg/100 l in physiological saline) was given intravenously to 10 rats immediately after administration of anthrax toxins; 100 l of phosphate-buffered saline was given to the other group. The time until moribund, defined as the point at which severe symptoms of intoxication (highly labored breathing and prostration) appear, was scored at specific time intervals (every 30 min for 2 h and every hour thereafter). When moribund, animals were sacrificed by CO 2 inhalation for humane reasons (6, 17, 19) . Rats that did not show these symptoms survived toxin administration, recovered from anesthesia, and were sacrificed after 2 weeks of observation. The first group of 10 rats was treated with anthrax toxin alone (open squares), and the second group was treated with anthrax toxin and 1 mg of D6R (filled circles). A preliminary experiment was performed in a nonblind fashion, while the experiment shown was performed in a double-blind fashion. (B) D6R protects against anthrax toxin-induced intoxication in mice. Groups of FVB mice (10 animals per group, 6 weeks old, both genders) were also given anthrax toxin (10 g of PA and 0.5 g of FP59 per mouse), but intraperitoneally (open squares). One group of mice was also administered 100 g of D6R intraperitoneally immediately after anthrax toxin (filled circles). Mice were observed for 24 h after injection. With the first signs of impending morbidity (intensive and labored breathing accompanied by prostration), mice were sacrificed by CO 2 inhalation. Survival rates were assessed every half hour for the first 2 h, every 2 h thereafter for 12 h, and intermittently thereafter for 48 h. Surviving mice were sacrificed 2 weeks later. Results are presented as percent survival at the times indicated. Surviving mice were observed for 48 h after injection. Per the Fisher exact test, differences between both experimental groups achieved significance at the 6-h time point and afterward (P Ͻ 0.05). 
